A better understanding of the underlying pathophysiology of obesity and its comorbidities is needed to develop more effective therapeutics. In the current study, differences in brain activation to food cues between obese (n = 6) versus non-obese (n = 5) individuals with type 2 diabetes were examined cross-sectionally using functional magnetic resonance imaging. Obese individuals with type 2 diabetes demonstrate less activation of the salience-and reward-related insula while fasting and increased activation of the amygdala to highly desirable foods after a meal. These findings in individuals with type 2 diabetes suggest a persistence of differences between obese versus non-obese individuals. Future, larger studies should confirm this differential activation between lean and obese individuals with and without type 2 diabetes. that patients with T2D demonstrate increased activation to food images in the insula, OFC and striatum. 4 Given that subjects with either obesity and/or diabetes may activate different central nervous system (CNS) areas when viewing food cues, it remains to be determined whether, among subjects with T2D, obesity status may alter CNS activity to visual food cues.
| METHODS
Eleven men and women with T2D (defined as fasting plasma glucose ≥126 mg/dL and/or HbA1c > 6.5%) provided written informed consent to participate in this study to compare obese (BMI ≥ 30 kg/m 2 ) and non-obese (BMI < 30 kg/m 2 ) T2D, approved by the Beth Israel Deaconess Medical Center (BIDMC) Institutional Review Board.
Based on a study which examined patients with T2D who were obese versus healthy, lean controls, 3 we would only need three people per group to have 80% power to detect changes in the insula, amygdala or OFC at α = 0.05. Data analysed herein come from a larger study which examined the effects of liraglutide on fMRI 5 but analyzes only scans which came from participants who had the placebo condition first, and thus, were not currently and/or had previously been exposed to liraglutide. Participants had an overnight visit (with an overnight fast of at least 12 hours) followed by fMRI scans.
| fMRI protocol and analysis
Participants viewed food and non-food items at the Center for Bio- 
| fMRI analysis
The contrast images (highly desirable > less desirable food images and all food [both highly and less desirable food cues] > non-food images) of the first-level analysis were used for the second-level group statistics. To compare obese and non-obese T2D, two sample t-tests were used. We then utilized small volume corrections (SVC) on the resultant fMR images for the regions of interest as previously described in order to be able to compare our results to those which were previously found between individuals with diabetes who were obese and healthy, lean controls. 3 Briefly, spherical regions of interest were created in marsbar with radii 5 mm (for amygdala) or 10 mm (for insula, putamen and OFC) for SVC, and results which passed P < 0.05, family-wise error (FWE) corrected for multiple comparisons for peak, are reported.
| RESULTS
There were no differences between the patients with T2D who were obese (n = 6) versus non-obese (n = 5) in parameters aside from anthropometric characteristics including BMI (P < 0.001) and weight (P < 0.001). Notably, HbA1c and glucose were not different between the two groups (Table S1 in File S1). Patients with T2D who are obese show less activation in the insula to highly as compared to less desirable food cues during the fasting state (Table S2 in File S1; Figure 1A ).
After a meal, patients with T2D who are obese show greater activation in the amygdala to highly as compared to less desirable food cues (Table S2 in File S1; Figure 1B ).
| DISCUSSION
In this pilot, we observed changes in the insula in the fasting state and in the amygdala in the fed state for obese versus non-obese patients with T2D. In the past, several studies have examined differences between obese and lean individuals without diabetes which have been combined through meta-analyses, observing increased activation of the insula, striatum, amygdala, hippocampus, thalamus, dorsolateral prefrontal cortex, cingulate gyrus and OFC in individuals with obesity while fasting, and increased activation of the cingulate gyrus, striatum, OFC, other areas of the prefrontal cortex, insula, amygdala, and precuneus when sated.
1,2
Studies in T2D show similarly increased activation in some of these areas, 3, 4 suggesting that this may be in part due to accompanying obesity status. Herein, individuals with T2D who are obese show decreased activation in the insula while fasting and increased response of the amygdala to highly desirable food cues after a meal, suggesting that we may be seeing persistent differences for individuals with T2D who are obese versus lean.
In the fasting state of our pilot study, obese as compared to nonobese patients with diabetes show less activation in the insula to highly versus less desirable food cues. The insula is involved in attention and the processing of salient stimuli. [6] [7] [8] More specifically, the insula has been implicated in reward-based attention. 3, 9 Additionally, the insula is known to be involved in satiety, or the feeling of fullness or hunger.
Ratings of hunger and prandial state, i.e. whether before or after a meal, impact the activation of the insula, indicating a role in satiety and the craving of foods. 7, 8, 10 While many studies observe increased activation of the insula to food cues among individuals with obesity, there may be differences when accounting for the fasting/fed state, where individuals who are obese or prone to becoming obese have lower activation of the insula in the fasting state but higher in the fed state. 11, 12 Additionally, individuals with prediabetes who are obese also show decreased activation of the insula as compared with individuals without diabetes who are obese, which may also indicate some interactions between blood glucose and obesity. 13 Overall, this altered activation to highly desirable foods while fasting needs to be examined more closely in future studies to determine how it impacts food intake.
In the fed state patients with T2D who are obese show greater activation in the amygdala to highly desirable food cues.
The amygdala responds to emotionally salient and to rewarding stimuli [14] [15] [16] and may be particularly activated for individuals who engage in eating when feeling strong emotions, be it stress, happiness or anger. 17, 18 This may indicate an enhanced response to highly desirable foods in particular in individuals with T2D who are obese, similar to that seen in obese individuals more generally. expect to see changes. These data may be used for power calculations for future, larger studies, which could confirm and extend our 
